Introduction
A n isolated subtalar arthrodesis through a sinus tarsi approach with cannulated screw fixation is safe, reproducible, and effective for specific hindfoot pathology in adults. Subtalar arthrodesis performed for the correct indication is an effective procedure for alleviating symptoms, correcting malalignment, and improving function 1, 2 . It is not as technically demanding as a triple arthrodesis and has the benefit of retaining some hindfoot function 3 . The most common indication for the procedure is isolated subtalar arthritis, whether primary, posttraumatic, or inflammatory. A thorough clinical examination, with a good understanding of the surface anatomy, is required to diagnose isolated subtalar joint pathology. Clinical findings include lateral hindfoot swelling, a painful subtalar range of motion, and sinus tarsi tenderness 4 . The diagnosis is confirmed by additional special investigations. Weight-bearing radiographs of the foot are crucial. These include routine anteroposterior, oblique, and lateral views. Additional views that may be of benefit include a Broden view (good for visualization of the posterior facet to assess the extent of arthritis), Harris axial view (useful to check for heel widening causing subfibular impingement, as occurs after calcaneal fractures), and a Saltzman view (to objectively assess alignment of the calcaneus relative to the tibia). Radiographic measurements help to identify malalignment of the hindfoot that needs to be addressed at the time of surgery 5 . In addition to hindfoot malalignment, it is important to look for loss of calcaneal height and a change in the talar inclination 6 . A decreased talar declination angle causes anterior ankle impingement, which will ultimately result in ankle arthritis 7 . With posttraumatic arthritis and severe deformities, a CT (computed tomography) scan is often required to better define the pathology.
Numerous techniques, approaches, and fixation options have been described for isolated subtalar arthrodesis. The arthrodesis can be performed as an open or arthroscopic-assisted procedure. The arthroscopic technique is limited to cases without major malalignment of the subtalar joint or massive bone loss. Approaches to the subtalar joint include medial, Ollier lateral, posterolateral (lateral extensile), and sinus tarsi incisions 7 . The medial approach is used in cases with extreme valgus malalignment of the heel, which would compromise the lateral wound once corrected. The posterolateral approach is preferred for distraction arthrodesis of the subtalar joint and subfibular impingement decompression, commonly seen in malunited calcaneal fractures 7, 8 . We find the sinus tarsi approach to be effective and safe for the majority of isolated subtalar arthrodeses. Yuan et al. found the sinus tarsi approach superior to the posterolateral approach with regard to exposure time, intraoperative bleeding, and operative complications 9 .
Fixation options include large cannulated screws, staples, and even subtalar-arthrodesis-specific implants 10 . Large cannulated screws are most commonly described for fixation. There is a debate regarding the optimal number of screws (1, 2, or 3) , screw orientation (parallel or divergent), and type of screws (head or headless, fully threaded or partially threaded) for stabilizing the arthrodesis site. We use 2 cannulated 7.5-mm fully threaded conical headless compression screws inserted from the non-weight-bearing area of the posterior aspect of the heel. Hintermann et al. showed superior compression using a headless compression screw 11 . That being said, any large-diameter ($6.5-mm) compression screw is effective in stabilizing the fusion site. The screws are inserted in a divergent pattern, one into the body and the other into the neck of the talus. Eichinger et al. found divergent screws to be superior to parallel screws with regard to stability 12 .
The procedure is performed with the patient supine and under general anesthesia with a regional (popliteal) nerve block. There are 2 crucial components of the procedure that dictate a successful outcome. The 1st is the preparation of the joint surfaces for the arthrodesis. It is important to spend time meticulously preparing the joint surfaces with sharp osteotomes and curets under direct vision. Make sure to remove all cartilage and sclerotic bone down to healthy bleeding subchondral bone. No type of fixation or duration of immobilization can compensate for a poorly prepared joint. Use bone graft to fill any bone defects or voids. If good-quality allograft is not available, autogenous bone graft 13 is readily available from the calcaneus and distal or proximal part of the tibia. The second critical step is proper alignment of the joint. A malaligned joint will alter the normal biomechanics, causing abnormal stress to the surrounding tendons, ligaments, and joints. For example, varus malalignment will shift the weight onto the lateral border of the foot, placing abnormal stress on the lateral structures (leading to stress fractures at the base of the 5th metatarsal, peroneal tendinitis, and lateral ligament instability of the ankle). Valgus malalignment can result in subfibular impingement and abnormal stress on the spring and deltoid ligaments. This results in chronic pain, dysfunction, and even arthritis of the ankle 7, 8 . The ideal alignment of the hindfoot is 5°to 10°of valgus, as confirmed by the biomechanical study by Jastifer et al. 14 . The operatively treated leg is immobilized in a non-weight-bearing cast for 6 weeks. Thereafter, it is protected in a pneumatic immobilizer boot for up to 6 weeks with progressive weight-bearing. Adequate osseous fusion can take between 12 to 16 weeks. It is advisable to assess and correct any vitamin-D deficiency preoperatively and postoperatively. Advise the patient that it can take 6 to 9 months for all symptoms to resolve and there is a return to normal function.
The surgical technique for isolated subtalar arthrodesis is shown in Video 1. Step 1: Preoperative Planning Perform a comprehensive clinical and radiographic assessment.
• A comprehensive clinical examination of the foot, with a good understanding of the surface anatomy, is required.
• While the patient is standing, look from behind for malalignment of the hindfoot, either varus or valgus ( Fig. 1 ). This is very important as such malalignment must be corrected intraoperatively.
• Look for obvious swelling around the subtalar joint.
• Tenderness is usually limited to the lateral aspect of the hindfoot, which corresponds to the posterior facet of the subtalar joint.
• Range of motion of the hindfoot is often painful, limited, and associated with crepitus. If there is any malalignment, check whether it can be passively corrected.
• Document any sensory deficits, especially in posttraumatic cases.
• Anteroposterior, oblique, and lateral weight-bearing radiographs of the foot are needed to make the diagnosis of subtalar arthritis (Fig. 2 ).
• Broden views are helpful to assess the extent of degeneration of the posterior facet of the subtalar joint, especially if the lateral view is not conclusive regarding involvement of the subtalar joint.
• In the presence of malalignment, a Saltzman view can be used to quantify the deformity ( Fig. 3 ).
• In complex cases (e.g., tarsal coalition, fractures, or large cysts), CT is helpful in surgical planning. Isolated Subtalar Arthrodesis MARCH 23, 2016 · VOLUME 6, ISSUE 1 · e12
Step 2: Patient Positioning Position the patient supine on the operating table with a bump under the ipsilateral hip, to internally rotate the involved leg.
• Position the patient supine on the operating table with the soles of the feet at the edge of the table. This facilitates implant insertion through the posterior aspect of the heel (Fig. 4 ).
• The procedure is performed with general anesthesia together with a popliteal nerve block for postoperative analgesia.
• Place a silicone bump under the ipsilateral hip to internally rotate the involved leg and provide easy access to the lateral aspect of the hindfoot.
• Apply a pneumatic tourniquet to the thigh and inflate it to 100 mm Hg above the patient's systolic blood pressure, after elevating the leg for 5 minutes for exsanguination. If available, an Esmarch bandage or a Rhys-Davies exsanguinator is very convenient to exsanguinate the leg.
• Prepare and drape the leg according to a standard technique. Drape above the knee as bone graft harvesting from the proximal part of the tibia may be required.
• Place two rolled-up towels under the heel to elevate the foot off the surgical table. This makes surgical access more comfortable for the surgeon (Fig. 5 ). Isolated Subtalar Arthrodesis MARCH 23, 2016 · VOLUME 6, ISSUE 1 · e12
Step 3: Incision Mark a longitudinal incision from just inferior to the tip of the lateral malleolus and extending toward the base of the 4th metatarsal.
• Mark the lateral malleolus, base of the 4th metatarsal, superficial peroneal nerve, and sural nerve using a Codman marker.
• Mark the incision from just inferior to the tip of the lateral malleolus and extending toward the base of the 4th metatarsal ( Fig. 6 ).
• Start the incision at the tip of the lateral malleolus and extend it distally. The incision does not need to extend all of the way to the base of the 4th metatarsal for an isolated subtalar arthrodesis. It can always be extended as needed during the procedure.
• The incision edges must never be under excessive tension with retraction during the procedure. This can lead to postoperative wound breakdown at the edges. Extend the incision if needed. Isolated Subtalar Arthrodesis MARCH 23, 2016 · VOLUME 6, ISSUE 1 · e12
Step 4: Approach Expose the subtalar joint by reflecting the extensor digitorum brevis and protecting the peroneal tendons.
• Carefully incise the subcutaneous tissue in line with the skin incision to form thick flaps, which help to prevent postoperative wound complications.
• With a correctly placed incision, the superficial peroneal and sural nerves should be on either side of the incision and out of harm's way.
• There is often a leash of veins around the sinus tarsi area. It is advisable to achieve hemostasis of these vessels using electrocautery.
• Expose the muscle belly of the extensor digitorum brevis. Identify the origin of this muscle and elevate it off the bone.
• Dissect the muscle out distally as a flap, exposing the sinus tarsi. Then secure the muscle flap to the skin, distal to the incision, using a Vicryl (polyglactin) 2-0 suture (Fig. 7) . In an elderly patient, this muscle is often atrophied and it is easier to split the muscle belly longitudinally.
• Remove the sinus tarsi fat pad and cervical ligaments with sharp dissection and using a rongeur. The posterior facet of the subtalar joint now becomes visible.
• It is important to identify the peroneal tendons at the proximal edge of the incision to avoid damaging them. Insert a Hohmann retractor deep to the calcaneofibular ligament around the posterior aspect of the subtalar joint ( Fig. 8 ). This protects the peroneal tendons and calcaneofibular ligament.
• Open the capsule of the posterior facet, exposing the joint.
• Debride all remaining fatty and ligamentous tissue using a rongeur to optimize exposure. Fig. 7 The origin of the extensor digitorum brevis is identified and released. The muscle belly is dissected out distally and sutured to the distal skin. Fig. 8 A Hohmann retractor is placed deep to the calcaneofibular ligament around the posterior aspect of the subtalar joint, improving exposure and protecting the peroneal tendons.
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Step 5: Joint Preparation Meticulously prepare the subtalar joint using osteotomes and curets down to healthy bleeding subchondral bone.
• Use a sharp osteotome to denude the lateral aspect of the posterior facet of its cartilage. Remove the loose cartilage debris using a small spine curet.
• When identification of the subtalar joint is difficult, as it is in patients with severe posttraumatic arthritis and coalition, use an osteotome under fluoroscopic guidance to identify the joint.
• Removing the lateral part of the cartilage makes room to insert a lamina spreader. First insert the lamina spreader in the anterior half of the posterior facet ( Fig. 9 ). This allows good visualization of and access to the posterior half of the facet.
• Use the osteotomes to remove the cartilage along the posterior aspect of the facet on both the talar and calcaneal surfaces. Be careful with the osteotome along the posteromedial edge of the joint, as the flexor hallucis longus tendon runs in this area. Visualization of the flexor hallucis longus indicates good debridement of the joint surfaces ( Fig. 10 ).
• Change the lamina spreader into the posterior half of the posterior facet. This exposes the remaining surface of the posterior facet as well as the middle and anterior facets.
• Once again, use osteotomes and curets to remove all cartilage from the subtalar joint, including the middle and anterior facets. Make sure to debride down to healthy, bleeding subchondral bone.
• Irrigate the joint with copious amounts of saline solution to remove all debris.
• If bone cysts are present, curet them out and apply bone graft. Depending on the amount of graft needed, bone can be harvested from either the distal or the proximal part of the tibia using a bone trephine. If available, allograft can also be used. Fig. 10 The flexor hallucis longus tendon is identified in the posteromedial aspect of the subtalar joint. It is important not to damage the tendon with osteotomes during debridement.
• Distal tibial bone graft is taken 2 cm proximal to the tip of the medial malleolus through a 1-cm incision. Carefully dissect down to the bone, being careful not to injure the saphenous nerve. Use an 8-mm bone trephine to harvest cylinders of cancellous bone. Aim the trephine in various directions to maximize the quantity of graft harvested. Do not breach the opposite cortex ( Figs. 11-A, 11 -B, and 11-C).
• Use a 2.5-mm drill-bit to perforate all of the denuded facets with multiple holes to form channels that allow marrow elements access to the fusion site. The benefit of using a drill-bit is that the flutes bring cancellous bone graft into the fusion site.
• When the subchondral plate is hard, use a small osteotome to scale the fusion surfaces, increasing the area for fusion. Fig. 11 -A Fig. 11 -B Fig. 11 -C Fig. 11 -A Autogenous bone graft being taken from the calcaneus. Fig. 11 -B Autogenous bone graft being taken from the distal part of the tibia. The incision is made 2 cm proximal to the tip of the medial malleolus. Fig. 11 -C Autogenous bone graft from the distal part of the tibia.
Step 6: Reduction and Fixation Reduce the subtalar joint into 5°of valgus and fix it with cannulated screws.
• Make a transverse incision over the posterior aspect of the heel, about 1 cm proximal to the weight-bearing surface (Fig. 12) , and carefully dissect down to bone.
• Reinsert the lamina spreader and distract the subtalar joint.
• Fixation is performed using cannulated 6.5 or 7.5-mm screws. We prefer using 2 fully threaded conical headless compression screws (Fig. 13 ). When screws are headless, there is less chance of them irritating the back of the heel. The benefit of the conical fully threaded screws is that, unlike conventional partially threaded compression screws, the threads do not need to fully cross the joint to achieve compression.
• Insert the first guidewire in the lateral half of the calcaneus, directed toward the body of the talus. Insert the second guidewire in the medial half of the calcaneus, directed toward the neck of the talus (Fig. 14) .
• Advance the guidewires through the calcaneus while visualizing where they exit the posterior facet through the distracted joint. The first wire should exit in the midsubstance of the posterior facet, while the second should exit approximately 1 cm anterior to the first (Video 1). The use of an ACL (anterior cruciate ligament) Kirschner wire guide can aid in inserting the wires accurately.
• Once appropriate placement is achieved in the calcaneus, withdraw the wires to just below the subchondral bone.
• Reduce the subtalar joint, taking special care to align the hindfoot into about 5°of valgus. Avoid varus angulation. . 12 The incision marked on the posterior aspect of the heel, off the weight-bearing surface of the foot, for insertion of the screws. Fig. 13 Fully threaded conical headless compression screws. Fig. 14 The guidewires are inserted through the heel into the talus while the joint is reduced.
• In cases with excessive bone loss, such as calcaneal fractures, contoured bone blocks are necessary to correct height and alignment (Figs. 15-A and 15-B) . These procedures are best performed through a posterolateral incision.
• Once the hindfoot is accurately aligned, advance the guidewires into the talus.
• It is prudent to use intraoperative fluoroscopy to confirm reduction of the subtalar joint and appropriate positioning of the guidewires. On the lateral view, check that the wires are divergent, crossing the subtalar joint, and not penetrating the ankle joint. Obtain an anteroposterior view of the ankle and confirm that the wires are within the talar body (Figs. 16-A and 16-B ).
• Insert screws of the correct length through the heel. Retract the second guidewire into the calcaneus while inserting the first screw to obtain maximal compression. Check the reduction and fixation under fluoroscopy ( Fig. 17 ).
• If any voids or gaps are visible after fixation, these can be filled with leftover autogenous bone graft, which was harvested earlier. Fig. 15 -B Subtalar bone-block distraction arthrodesis with restored calcaneal height and talar declination. Fig. 16 -A Lateral fluoroscopic view to confirm that the guidewires were inserted in a divergent pattern and crossing the subtalar joint. Fig. 16 -B Anteroposterior fluoroscopic view of the ankle confirming that the guidewires are within the talus. Fig. 17 Intraoperative fluoroscopy confirming correct screw length and placement.
Step 7: Wound Closure Meticulously close the wound in layers and place the lower leg in a well-padded plaster back slab with the ankle in a neutral position.
• Irrigate the wound with copious amounts of normal saline solution.
• Suture the extensor digitorum brevis muscle back to its origin. Carefully close the wound in layers using absorbable Vicryl sutures (Fig. 18 ).
• We prefer to close the skin with a self-locking Monocryl (poliglecaprone) suture and Steri-Strips (3M).
• Do not forget the wound at the back of the heel (created for the screw insertion) or the bone-graft harvest site; close them with 3-0 nylon. Fig. 19 -A Fig. 19 -B Fig. 18 The extensor digitorum brevis muscle is sutured back to its origin. Fig. 19 -A A back slab is applied using 2 plaster splints over a bulky dressing. Fig. 19-B The operatively treated leg immobilized in the below-the-knee plaster slab, with the ankle in a neutral position, and elevated.
Step 8: Postoperative Care The operatively treated leg is kept immobilized and non-weight-bearing for the first 6 weeks.
• Instruct the patient to elevate the leg above heart level, which is most easily done in the supine position, for the first 2 weeks postoperatively. This prevents excessive swelling, which can lead to wound complications. In the first 2 weeks, we limit our patients to getting up only to go to the toilet or to have a meal.
• It is advisable to check the patient's vitamin-D level and supplement it accordingly.
• Consider chemical venous thromboprophylaxis in high-risk patients 16 .
• At 2 weeks, remove the back slab to check the wounds and remove the nylon sutures.
• If the swelling has subsided and the wounds have healed appropriately, place the leg in a below-the-knee circular cast with the ankle in a neutral position.
• Instruct the patient to remain non-weight-bearing for another 4 weeks, so that the total time of immobilization and non-weight-bearing is 6 weeks.
• At 6 weeks, remove the cast. Have radiographs of the foot made to assess progression of the osseous fusion.
• Place the leg in a pneumatic immobilizer boot, and tell the patient to start progressive weight-bearing, with full weight-bearing achieved at 10 to 12 weeks.
• The patient is referred to physiotherapy to start a rehabilitation program after the cast is removed.
• Repeat radiographs of the foot at 10 weeks. If osseous fusion is still questionable obtain the radiographs again at 16 weeks (Fig. 20) . Once osseous fusion is evident clinically and on radiographs, the patient can start transitioning into supportive shoes.
• Impact activities should be limited until the patient is symptom-free and functional rehabilitation has been completed. 18 . They also noted 36% and 41% rates of progressive arthrosis in the ankle and midfoot joints, respectively. Davies and colleagues reported a 94% successful fusion rate and advocated the use of a CT scan to confirm fusion 19 . Mirmiran and colleagues found the average period to fusion to be 16 weeks with an 80% fusion rate 20 . In a large study of 101 patients, Haskell et al. noted the average interval to union to be 12 weeks with a 98% successful fusion rate 21 .
Risk factors for developing a nonunion of the subtalar arthrodesis site are smoking, osteonecrosis, ipsilateral ankle fusion, and revision surgery 7, 8, 19, 22, 23 . The rate for implant removal has been reported to be 13% to 27% 8, 21, 24 . Progressive ankle and midfoot arthritis after subtalar arthrodesis has been documented but has not been found to be clinically relevant 25 . Faraj and Loveday found good functional outcomes in terms of daily and sports activities 26 . Romeo et al. reported that only 66% of their patients were active in recreational sports before their isolated subtalar fusion; this increased to 73% postoperatively, with high overall patient satisfaction 27 .
Pitfalls & Challenges
• Good preoperative planning with appropriate radiographic measurements is important.
• Handle the soft tissue with care.
• A lamina spreader is useful in exposing the joint.
• Meticulous joint preparation is the key to success.
• Correction of alignment, including calcaneal height and talar inclination, is important.
• Distraction arthrodesis is best done through a posterolateral incision.
• Bone-grafting improves the fusion rate.
• Intraoperative fluoroscopy is essential.
• Stable fixation using 2 divergent large cannulated compression screws is recommended.
• Progressive weight-bearing should be commenced once early signs of osseous union are visible on radiographs.
• Weight-bearing activities can be progressed according to clinical improvement.
• The subtalar fusion is considered to be successful on the basis of both positive radiographic findings and clinical improvement.
• A CT scan is required to objectively confirm the subtalar fusion. 
